Abstract. The superfamily of organic anion-transporting polypeptides (OATPs, gene symbol SLCO) includes important transporters handling a variety of endogenous and xenobiotic substrates. Currently, 11 human OATPs are known and their substrates include endogenous hormones and their conjugates, anticancer drugs, and imaging agents. The contribution of OATPs to the in vivo disposition of these substrates has been extensively investigated. An accumulating body of evidence also indicates that the expression of some OATPs may be up-or downregulated in several types of cancers, suggesting potential pathogenic roles during the development and progression of cancer. Given that the role of OATPs in handling cancer therapeutics has been already covered by several excellent reviews, this review will focus on the recent progresses on the topic, in particular the role of OATPs in the disposition of anticancer drugs, the impact of OATP genetic variations on the function of OATPs, and the OATPs differentially expressed in cancer and their potential roles in cancer development, progression, and treatment.
INTRODUCTION
The organic anion-transporting polypeptides (OATPs) represent an important superfamily of solute carriers expressed in various tissues throughout the body. The OATPs can mediate the bidirectional transport of a diverse array of endogenous and xenobiotic compounds, including organic dyes, bile acids, prostaglandins, cyclic nucleotides, steroid hormones and their conjugates, thyroid hormones, drugs, and environmental toxins. The majority of OATP substrates are large amphipathic organic anions (molecular weights greater than 300), but OATPs can also transport cationic and neutral compounds. OATPs are known to transport their substrates in a sodium-independent manner. Common structural features of the OATP superfamily include 12 transmembrane domains with intracellular amino and carboxy termini as well as a large extracellular loop between the ninth and tenth transmembrane regions.
The OATP superfamily belongs to the SLCO gene family and is divided into six families based on sequence similarities (1) . Currently, 11 human OATPs are known with the OATP1 family being most well characterized. The OATP1 family includes four members, OATP1A2, OATP1B1, OATP1B3, and OATP1C1, which display broad and overlapping substrate specificity. The OATP2 family includes two members, OATP2A1 and OATP2B1, both of which display relatively narrow substrate specificity compared to other OATPs. The OATP4 family includes OATP4A1 and OATP4C1. The OATP3, OATP5, and OATP6 families include OATP3A1, OATP5A1, and OATP6A1, respectively. Orthologs of human OATPs are reported in other species, but there are cases that no straightforward ortholog is shared between humans and animals. For example, humans have only one OATP1A family member (OATP1A2), but mice have at least four known Oatp1a family members (Oatp1a1, Oatp1a4, Oatp1a5, and Oatp1a6). On the other hand, humans have two OATP1B transporters (OATP1B1 and OATP1B3), whereas mice have a single rodent ortholog of Oatp1b2 (1) .
Early investigations primarily focused on the identification and characterization of OATPs expressed in various organs throughout the body and the roles of OATPs in determining the disposition of substrates in vitro and in vivo. Subsequent reports revealed that the expression of OATPs may be altered in different disease conditions including cancer and may play a potential role in the development and progression of cancer as well as the disposition of anticancer drugs (2) (3) (4) (5) (6) . Given that the role of OATPs in handling cancer therapeutics has been already covered by several excellent reviews (7) (8) (9) (10) , this review will focus on the recent findings in the field. We will first provide a brief summary of the current understanding of the roles of OATPs on the disposition of anticancer drugs and the impact of their genetic polymorphisms on the expression and function of OATPs, as well as the use of animal models to study the role of OATPs in anticancer drug disposition. In a later section, we will provide an update on the current knowledge about OATPs expressed in cancer and their potential roles in cancer development, progression, and treatment.
ROLE OF OATPS IN THE DISPOSITION OF SUBSTRA TES IMPLICATED IN CANCER THERAPY
OATPs can mediate the transport of a wide range of endogenous and xenobiotic substrates in various tissues. The endogenous substrates of OATPs include cyclic and linear peptides, prostaglandins, bile acids, steroid hormone and their conjugates, and thyroid hormones. Diverse classes of drugs, including anticancer drugs, are also substrates of OATPs (1, 11) . In particular, the transporters of the OATP1 family have a number of substrates relevant in cancer therapy (Table I) . In this section, we will briefly summarize the current knowledge regarding the role of OATPs in handling the most well-studied substrates in cancer therapy since several extensive reviews are already available on this topic (7, 8, 12) .
Endogenous steroid hormones have been implicated in enhancing the survival and proliferation of cancer cells. Estrone-3-sulfate (E3S) is a major form of circulating estrogens and serves as an important source of estrogenic activity in postmenopausal women, the population with a high incidence rate of hormone-dependent breast and ovarian cancers. Due to its hydrophilic and charged nature, E3S is not readily permeable across the plasma membrane and it often relies on a transporter-mediated mechanism to enter the cells. Among the 11 human OATP members, seven (OATP1A2, OATP1B1, OATP1B3, OATP1C1, OATP2B1, OATP3A1, and OATP4A1) are shown to transport E3S (7, 13) . These OATPs may facilitate the uptake of E3S not only in major organs such as the liver, kidney, intestine, and brain but also in hormone-dependent cancers (13) (14) (15) . Similar to E3S, dehydroepiandrosterone sulfate (DHEA-S) is transported by multiple OATPs (OATP1A2, OATP1B1, OATP1B3, and OATP2B1) and may gain entry to cells via these transporters (7) . On the other hand, testosterone appears to be transported only by OATP1B3 (16, 17) . Many of these investigations, however, focused on the uptake of steroid hormones and their conjugates into cancer cells and the subsequent impact on cancer cell proliferation and related cellular pathways, rather than the disposition of hormonal substrates in the whole body.
In the case of anticancer drugs handled by OATPs, a number of investigations have examined whether the expression/function of OATPs can influence the pharmacokinetic profiles of anticancer drugs, and consequently therapeutic effects and toxicities. The most well-studied substrates include methotrexate, doxorubicin, and taxanes (paclitaxel and docetaxel). For these drugs, multiple reports indicated that these agents are handled by OATP1A2, OATP1B1, and OATP1B3 (3, (18) (19) (20) . The results were obtained from various models, ranging from in vitro heterologous expression systems, in vivo preclinical knockout and humanized mouse models, and clinical studies. Docetaxel is reported to be a substrate of human OATP1B1 and OATP1B3 and rat and mouse Oatp1b2 in vitro (21, 22) . However, the pharmacokinetic profiles of docetaxel were not substantially altered in a cohort of patients harboring genetic variations associated with decreased OATP1B1 or OATP1B3 activity (23) . These results might be related to the presence of other uptake transporters with overlapping functions in the human liver. Indeed, a recent study using humanized transgenic mice indicated that elevated plasma levels of docetaxel observed in the knockout mice lacking Oatp1a/1b can be rescued by liver-specific expression of human OATP1B1, OATP1B3, or OATP1A2, confirming the relevance and overlapping nature of these OATP transporters in determining in vivo disposition of docetaxel (19) . When the involvement of OATPs in the handling of taxanes is considered, there was also a report indicating that taxanes are not handled by OATP1B3 (21) . These apparent discrepancies may be due to differences in the expression systems (Xenopus laevis oocytes vs HEK293) (21) . Other well-studied anticancer drugs handled by OATP1B1 and OATP1B3 are rapamycin (sirolimus) and SN-38 (7-ethyl-10-hydroxycamptothecin, an active metabolite of irinotecan) (21, (24) (25) (26) (27) . Additionally, OATP1B1 transports CP-724,714 (a Her2 tyrosine kinase inhibitor), cis-diamminechloro-cholylglycinate-platinum(II) (a bile-acid cisplatin derivative), and gimatecan (a camptothecin analog) (28) (29) (30) . Imatinib, used for leukemia therapy, is reported to be transported by OATP1A2 and OATP1B3 (31, 32) . Further investigations will be necessary to elucidate the clinical relevance of these transporters in influencing the in vivo disposition and therapeutic effects of these substrate drugs.
The magnetic resonance imaging agent gadoliniumethoxybenzyl-diethylenetriamine pentaacetic acid (Gd-EOB-DTPA) is also shown to be transported by OATP1B1 and OATP1B3 (33) (34) (35) . In a retrospective study involving 22 Due to the limited number of references that can be cited in this review, Table I does not include original references, but details can be found in the recent reviews (7, 8) and references therein OATP organic anion-transporting polypeptide, DHEA-S dehydroepiandrosterone sulfate, Gd-EOB-DTPA gadolinium-ethoxybenzyldiethylenetriamine pentaacetic acid patients with hepatic cancer, high OATP1B3 expression levels were significantly correlated with increased uptake of Gd-EOB-DTPA (33) . In individuals carrying certain genetic variations associated with decreased OATP1B1 activity, the liver enhancement by the gadolinium-based imaging agent was substantially attenuated (35) . These findings suggest that the activity of OATPs and genetic variations may be potential confounders leading to a reduced signal intensity in liver magnetic resonance imaging. A recent retrospective study took advantage of this relationship and attempted to use the signal intensity of Gd-EOB-DTPA as a marker for hepatic vascularity and OATP-related activity and potentially as a prognostic factor for patients with early-stage hepatic cancer (36) . It should be noted that these investigations did not include the control group with no cancer, so the results do not provide evidence on differential expression of OATP1B1 or OATP1B3 in hepatic cancer tissues relative to the nonmalignant liver tissues. Other reports indicate that the expression of OATP1B1 and OATP1B3 is reduced in hepatic cancer tissues compared to nonmalignant liver cells (37) (38) (39) (40) (41) .
IMPACT OF OATP POLYMORPHISMS ON THE PHAR MACOKINETICS OF ANTICANCER DRUGS
A number of naturally occurring single nucleotide polymorphisms (SNPs) in the genes encoding OATPs have been reported and extensively investigated for their impact on the expression and function of the corresponding OATPs and consequently on the disposition and efficacy of anticancer drugs. In particular, polymorphic variants of genes encoding OATP1A2, OATP1B1, and OATP1B3 have been reported to be clinically relevant. Comprehensive reviews on this topic are already available elsewhere (7, 8) . Thus, only a brief summary and an update involving the disposition of anticancer drugs are provided below.
For OATP1A2, the initial investigation was carried out using X. laevis oocytes expressing genetic variants of OATP1A2 and methotrexate (18) . Four out of the 12 OATP1A2 variants examined displayed altered transport of E3S and methotrexate; the p.I13T (rs10841795) variant displayed enhanced transport activity, the p.R168C (rs11568564) and p.E172D (rs11568563) variants demonstrated decreased transport activity, and the p.N278DEL (rs11568555) variant produced a nonfunctional protein.
However, the impact of these OATP1A2 variants on the pharmacokinetics of methotrexate in patients remains to be determined. More recently, a similar line of clinical investigation was carried out with imatinib and genetic variations present in the coding and promoter regions of the gene encoding OATP1A2 (32) . The authors were able to identify polymorphic variations in the promoter region of OATP1A2 (−1105G>A (rs4148977) in linkage disequilibrium with −1032G>A (rs4148978), and −361G>A (rs3764043)) which correlated with the clearance of imatinib in patients with chronic myeloid leukemia (32) . Further clinical studies are required to confirm these findings in a larger group of patients and to verify whether the identified OATP1A2 variations correlate with therapeutic effects or toxicities of imatinib.
For OATP1B1, there are several commonly occurring SNPs or diplotypes. In particular, the OATP1B1*15 (harboring variations causing two amino acid substitutions, p.N130D (rs2306283) and p.V174A (rs4149056)) variant has been most extensively investigated. Compared to the wild-type OATP1B1 (OATP1B1*1a), the OATP1B1*15 displayed reduced uptake of SN-38 (an active metabolite of irinotecan), when tested in in vitro cell line models stably expressing OATP1B1 variant proteins (25) . The clinical relevance of these findings was subsequently validated by comparing the pharmacokinetics and toxicity profiles in patients receiving irinotecan therapy (42, 43) . Patients with the OATP1B1*15 genotype showed increased systemic exposure and toxicities of SN-38 compared to those with the wild-type OATP1B1 (42, 43) . Similar findings have been reported with patients treated with methotrexate. In particular, recent reports validating the relevance of the OATP1B1*15 genotype in determining the pharmacokinetics and toxicities of methotrexate were from genome-wide association studies or studies involving a large number of patients and cohorts from different institutions (44) (45) (46) . Continued investigations examining the prospective utility of the OATP1B1 genotypes in improving therapeutic effects and safety profiles of these anticancer drugs are warranted.
As a closely related member to OATP1B1, OATP1B3 displays substantial overlapping substrate specificity, yet harbors fewer genetic variations. Initially, the functional impact of three nonsynonymous SNPs of OATP1B3 (p.S112A (rs4149117), p.M233I (rs7311358), and p.G522C (rs72559743)) was examined using in vitro models (47) . However, none of these three SNPs were found to have a significant impact on the clearance and other pharmacokinetic parameters of paclitaxel in cancer patients (48) . For docetaxel, a potential association between OATP1B3 genotypes and toxicity (leukopenia/neutropenia) has been recently reported in patients (49, 50) . Additional investigations will be required to validate the clinical relevance of these findings.
ANIMAL MODELS TO INVESTIGATE THE ROLE OF OATPS IN THE DISPOSITION OF ANTICANCER DRUGS
Given the increasingly recognized roles that OATPs play in determining the disposition of many drugs, it has become important to assess the potential of OATPs and their genetic variations as a source for variable drug disposition and response in vivo. In recent years, a number of transgenic mouse models have been reported, including the knockout mouse models lacking the orthologs of human OATP1A and OATP1B subfamily members and the humanized mouse models where human OATPs are introduced after deleting the genes for mouse orthologs.
In rodents, there is only one member of the Oatp1b subfamily and it is considered to be the closest ortholog for both human OATP1B1 and OATP1B3. The knockout mouse models lacking Oatp1b2 have been developed by three independent groups and have served as useful tools to delineate and extrapolate the in vivo relevance of both human OATP1B1 and OATP1B3 to the disposition of relevant substrates (51) (52) (53) . Given the large overlap in tissue distribution and substrate specificity within the OATP1 family, another transgenic mouse model deficient for all five established Slco1a and Slco1b genes (Slco1a/1b −/− mice) has also been developed (54) . These mice lacking Oatp1a1, Oatp1a4, Oatp1a5, Oatp1a6, and Oatp1b2 displayed drastically reduced hepatic uptake of methotrexate, fexofenadine, and paclitaxel and subsequently increased systemic exposure for all of these drugs (54, 55) .
In addition, humanized transgenic mouse models expressing OATP1A2, OATP1B1, and OATP1B3, in the absence of the background expression of the mouse orthologs, have been developed and used to account for possible species-dependent differences between the mouse and human OATP orthologs (56) . For example, a humanized OATP1B1 mouse model with liver-specific expression of OATP1B1 was generated and the disposition of methotrexate was investigated. The plasma concentrations of intravenously administered methotrexate in the humanized OATP1B1 transgenic mice were substantially lower than in the control animals (56) . In addition, the humanized OATP1B1 transgenic mice displayed a greater amount of methotrexate in the liver as well as a higher liver to plasma ratio of methotrexate than the control animals (56) . Similarly, transgenic humanized OATP1A/1B mouse models were generated with liverspecific expression of OATP1B1, OATP1B3, and OATP1A2 in an Oatp1a/1b knockout background. This model was utilized to show that paclitaxel, methotrexate, SN-38, docetaxel, and doxorubicin are transported by OATP1A/1B in vivo (19, 20, 57, 58) .
These findings have provided further insights regarding the contribution of OATP1A/1B transporters to the disposition, response, and toxicity of anticancer drugs. Importantly, those investigations have provided the impetus for additional studies to elucidate the role of other OATPs and commonly observed polymorphisms in the pharmacokinetics and pharmacodynamics of anticancer drugs. Together, these tools will continue to provide a useful guide for drug development and optimization of anticancer drug therapy.
OATPS EXPRESSED IN CANCER
There is a substantial body of evidence indicating that the expression of OATPs can be altered in various types of cancers. In this section, we will summarize the current literature about different OATPs expressed in cancer tissues and their proposed functions and cancer-specific mechanisms of regulation.
OATP1A2 (Gene Symbol, SLCO1A2)
OATP1A2 expression has been confirmed in several normal tissues and cell types including the blood-brain barrier, enterocytes, cholangiocytes, and kidneys (59, 60) . Given that OATP1A2 can mediate the transport of endogenous hormonal substrates and several anticancer drugs (Table I) , several investigations have examined the expression and functional impact of OATP1A2 in cancer. OATP1A2 expression was first reported in breast cancer and subsequently in additional types of cancer including colon, prostate, and bone (Table II) (6, (61) (62) (63) 65) . To date, the potential functional significance of OATP1A2 has been reported in breast cancer, but not in other types of cancer.
The expression of OATP1A2 messenger RNA (mRNA) and protein in breast cancer was first reported by Miki et al. (61) . The results from reverse transcriptase-polymerase chain reaction (RT-PCR) analyses indicated that OATP1A2 is expressed in human breast cancer tissues, but not in noncancerous breast tissues, adipose tissues, or stromal cells (61) . These findings are consistent with the reports showing that OATP1A2 mRNA was barely detectable in nonmalignant mammary epithelial cells (below the level of quantification) (95) . Interestingly, Miki et al. also reported a significant correlation between the expression of OATP1A2 and the nuclear receptor PXR (pregnane X receptor), providing possible insights into the regulation of OATP1A2 expression (61) (14) . In the clinical setting, the expression of OATP1A2 combined with another transporter OCT6 in patients with triple-negative breast cancer (which displays no detectable expression for estrogen receptor, progesterone receptor, and Her2/neu and has very poor prognosis) was predictive of response to anthracycline/ taxane-based neoadjuvant chemotherapy (96) . Further investigations will be required to evaluate the clinical relevance of these findings in patients with hormone-dependent or triplenegative breast cancers.
Although detailed functional investigations have not been reported, the expression of OATP1A2 has been observed in other cancers. Arakawa et al. reported that OATP1A2 is expressed in human prostate cancer cell lines (LNCaP and 22Rv1) and facilitates the uptake of DHEA-S and enhances cancer cell growth under androgen-depleted conditions (6) . The levels of OATP1A2 mRNA were reported to be elevated in human osteosarcoma cell lines (HOS and MG-63) and human kidney cancer cells metastasized to bone tissue (65) . On the other hand, colon polyps and colon cancer tissues were reported to have reduced OATP1A2 mRNA levels compared to healthy colon tissue (63) .
As noted above, the nuclear receptor PXR may play a role in regulating OATP1A2 expression in cancer (62) . A PXR response element present in the human OATP1A2 promoter was confirmed to have physical interactions with PXR and to play a role in the transactivation of OATP1A2 in breast cancer cells (62) . If OATP1A2 is eventually identified to have an important role in cancer development, progression, or therapy, its regulation through PXR may be a key relationship to investigate.
OATP1B1 (Gene Symbol, SLCO1B1)
OATP1B1 is abundantly expressed in the normal liver and was initially considered to be liver specific (2, 66) . Several investigations have been carried out to assess the expression levels and functions of OATP1B1 in cancer. To date, OATP1B1 is reported to be expressed in colon cancer and ovarian cancer and variably expressed in hepatocellular carcinoma (HCC).
A number of reports indicate that the expression of OATP1B1 is decreased in HCC compared to nonmalignant liver. Since the first report on the decreased OATP1B1 protein levels in HCC cell lines (67), many subsequent investigations have reported similar findings using HCC tissue samples and cell lines (37) (38) (39) (40) . However, there is also a report noting no significant reduction of OATP1B1 in HCC tissues compared to nonmalignant liver tissues (41) . These apparent discrepancies may be related to different detection methods as well as tumor heterogeneity (37, 41) .
In contrast to the variable expression of OATP1B1 in HCC, OATP1B1 expression was reported to be elevated in cancers derived from nonhepatic tissues which normally do not express OATP1B1. For instance, OATP1B1 expression has been reported in colon polyps and colon cancer tissue (63) as well as ovarian cancer tissue samples and cell lines (SK-OV-3) (69). In regard to its transport functions in cancer, OATP1B1 is implicated to play a role in paclitaxel uptake in ovarian cancer cells (69) . Overall, further investigations will be necessary to examine the clinical significance of altered expression of OATP1B1 in cancers.
OATP1B3 (Gene Symbol, SLCO1B3)
When OATP1B3 was cloned for the first time, it was found to be abundantly expressed in the normal liver, but not in any other nonmalignant tissues (3). This initial report noted that OATP1B3 is also expressed in multiple types of cancer, which was confirmed by a number of subsequent investigations. Currently, OATP1B3 is arguably the most extensively investigated OATP member with regard to cancer-related alterations in expression. In recent years, there has been substantial progress in our understanding of cancerspecific expression of OATP1B3 including the identification of cancer-specific variants.
OATP1B3 mediates the transport of several endogenous substrates including hormones (E3S, DHEA-S, testosterone), cancer drugs (methotrexate, imatinib, paclitaxel, SN-38, rapamycin, docetaxel, doxorubicin), microcystins, and MRI contrast agents (gadolinium-ethoxybenzyl-diethylenetriamine pentaacetic acid (Gd-EOB-DTPA)) (33, 97) . Similar to the decreased expression of the closely related member OATP1B1 in HCC, OATP1B3 expression was shown to be decreased in primary and metastatic liver cancers (39, 41, 98) . It has been suggested that the decreased expression of OATP1B3 and OATP1B1 in hepatic cancer tissues may be related to poor differentiation status and defective membrane protein maturation process often observed in the malignant tissues. On the other hand, OATP1B3 is frequently expressed in several cancerous tissues derived from the gastrointestinal tract, pancreas, lung, breast, prostate, and testes, all of which do not express any detectable level of OATP1B3 in noncancerous settings.
The expression of OATP1B3 in multiple types of cancer was first reported by Abe et al. (3) . Specifically, northern blot analyses showed the expression of OATP1B3 in various established cancer cell lines (derived from the colon, stomach, pancreas, gall bladder, and lung) and clinical samples (from gastric, colon, and pancreatic cancers) (3). This finding was subsequently corroborated by multiple studies which utilized RT-PCR and immunohistochemical detection methods (Table II) . In human breast cancer, OATP1B3 was detected in approximately 50% of the clinical tissue samples examined by immunohistochemistry and OATP1B3 immunoreactivity was associated with a decreased risk of recurrence and improved prognosis (75) . The authors speculated that OATP1B3 overexpression may be associated with hormone-dependent growth mechanisms considering that OATP1B3 transports E3S. In line with these findings, subsequent studies have also suggested that OATP1B3 contributes to the growth of estrogen-dependent breast cancer (13, 15) . OATP1B3 is also reported to be expressed in prostate and colorectal cancers (16, 17, 99) . In reference to colorectal cancer, OATP1B3 is found to be expressed in the majority (56%) of clinical tissue specimens examined and possibly associated with improved clinical outcomes (99) . During these investigations, it was also noted that the immunohistochemical staining for OATP1B3 showed predominantly a cytoplasmic pattern, clearly different from the membranous pattern in normal hepatocytes (4, 99) .
The efforts to probe possible reasons underlying the cytoplasmic localization pattern of OATP1B3 expressed in cancer cells led to the identification of a cancer-specific OATP1B3 variant (csOATP1B3 or OATP1B3 V1) which utilizes an alternative transcription initiation site from wildtype (WT) OATP1B3 expressed in normal liver (71) . The protein translated from the longest open reading frame (ORF) of csOATP1B3 lacks 28 amino acids at the Nterminus compared to WT OATP1B3. Further investigations indicated that in comparison to OATP1B3 WT, csOATP1B3 has defective plasma membrane trafficking, resulting in reduced transport activity of cholecystokinin-8 (a prototype OATP1B3 substrate) (71) . Similarly, Nagai et al. reported that lung, colon, and pancreatic cancer tissues and cell lines express an alternative OATP1B3 transcript (72) . However, this study proposed the four potential ORFs resulting in much shorter amino acid sequences than the ORF reported by our laboratory and another subsequent report (71, 100) . Currently, csOATP1B3 is found to be the major isoform expressed only in cancer cells, but not in normal tissues. Further studies are required to delineate the biological significance of csOATP1B3 in cancer, specifically whether csOATP1B3 confers any survival advantage or chemotherapy resistance to cancer cells.
With regard to the regulatory mechanisms for OATP1B3 expression, several investigations implicated the involvement of the liver-enriched transcription factor, hepatocyte nuclear factor 3β (HNF3β), as well as epigenetic and hypoxiamediated mechanisms (41, (100) (101) (102) . The contribution of these reported mechanisms may vary depending on the tissue types and disease states. In an earlier report, Vavricka et al. showed that HNF3β is responsible for the transcriptional repression of OATP1B3 expression in HCC (41) . A later study showed that epigenetic mechanisms by DNA methylation-dependent gene silencing are involved in the regulation of OATP1B3 in different cancer cell lines (101) . A more recent study showed that DNA methylation-dependent gene silencing involving methyl-DNA binding protein 2 (MBD2) regulates the expression of csOATP1B3 (100) . A study by Han et al. showed that csOATP1B3, but not OATP1B3 WT, is transcriptionally activated by hypoxia (102) . Briefly, a functional hypoxia response element (HRE) within the promoter regions of csOATP1B3 was shown to physically interact with hypoxia-inducible factor-1α (HIF-1α) in colon and pancreatic cancer cells (102) . We postulated that hypoxia-induced regulation of csOATP1B3 may be operating in line with epigenetic regulation. This hypothesis is based on the observation that the HRE site proposed in our recent study (102) is located in close proximity to the potential methylation site (100). Thus, we examined the effect of in vitro methylation on the transactivation of a reporter construct of the csOATP1B3 promoter containing the proposed HRE and methylation sites. Our results showed no substantial changes by in vitro methylation, suggesting that hypoxia and epigenetic mechanisms likely work independently in regulating the csOATP1B3 (Thakkar and Lee, unpublished data).
OATP1C1 (Gene Symbol, SLCO1C1)
OATP1C1 was identified as a high-affinity transporter for thyroid hormones in brain, Leydig cells of the testis (76) , and ciliary bodies (77) . Thus far, no cancer drugs have been identified to be substrates of OATP1C1. A study by Liedauer et al. showed that OATP1C1 mRNA expression was detected in clinical samples from human osteoscarcomas and metastasized kidney cancers, with the highest expression observed in aneurysmal bone cysts (65) . This is the only study to report the expression of OATP1C1 in cancer, and the functional role of OATP1C1 in bone cancers is currently unknown.
OATP2A1 (Gene Symbol, SLCO2A1)
OATP2A1 was initially cloned and identified as a prostaglandin transporter (103) . Currently, no cancer drugs have been reported to be substrates of OATP2A1. In noncancerous tissues, OATP2A1 is expressed ubiquitously. Altered expression of OATP2A1 is reported in various types of cancers (Table II) . OATP2A1 expression is reported to be increased in breast cancer, HCC, cholangiocarcinoma, and liver metastases from colon cancer (17, 79) . On the other hand, reduced OATP2A1 levels are reported in other types of cancer from colon, stomach, ovary, lung, and kidneys (81) . Interestingly, the reduced expression of OATP2A1 was linked with increased extracellular levels of proinflammatory prostaglandin E2 (PGE2) in colorectal cancer (81) . Higher extracellular levels of PGE2 may activate various signaling cascades in colorectal cancer by interacting with G proteincoupled receptors on the surface. Further investigations are required to better understand the impact of altered OATP2A1 expression in cancer.
OATP2B1 (Gene Symbol, SLCO2B1)
OATP2B1 is a ubiquitously expressed uptake transporter that was initially cloned by Tamai et al. (90) (Table II) . OATP2B1 transports various substrates including steroid hormone conjugates, thyroid hormones, prostaglandins, and other drugs. Although no cancer drugs are currently known to be substrates of OATP2B1, its altered expression is reported in different cancers (Table II) . In breast cancer, increased OATP2B1 expression was reported in clinical samples as well as cell lines and was correlated with high tumor grades, but not with altered clinical outcomes (84).
OATP2B1 expression was also shown to be higher in bone cysts compared to that in osteosarcoma tissues (65) . Alternatively, Pressler et al. showed that OATP2B1 mRNA expression was lower in liver and pancreatic cancers compared to that in nonmalignant tissues (68) . However, these findings have not been validated at the protein level. Currently, the role of OATP2B1 in cancer cells is not well understood.
OATP3A1 (Gene Symbol, SLCO3A1)
In nonmalignant tissues, OATP3A1 is expressed ubiquitously where it transports various hormones, prostaglandins, and drugs (7) . Altered expression of OATP3A1 is reported in various types of cancers (Table II) . Increased expression of OATP3A1 transcripts has been reported in multiple cancer cell lines (7, 90) . Higher OATP3A1 mRNA was detected in aneurysmal bone cysts as compared to osteosarcomas (65) . In breast cancer, OATP3A1 is localized both on the plasma membrane and in the cytoplasm (89) . Wleck et al. showed that OATP3A1 levels were increased in primary and metastatic liver cancers (80) .
OATP4A1 (Gene Symbol, SLCO4A1)
OATP4A1 is expressed ubiquitously and plays a role in the transport of several endogenous (hormones, prostaglandins, and bile acids) and drug substrates (reviewed in (7)). Similar to OATP3A1, OATP4A1 is also overexpressed in multiple cancer cell lines, aneurysmal bone cysts, liver cancers, and breast cancers (65, 79, 80, 90) . In colorectal neoplasia specimens, OATP4A1 mRNA levels were reported to be elevated (91) . Additionally, the authors suggested that increased expression of PGE2-transporting OATP2B1 and OATP4A1 may lead to decreased sensitivity to cyclic nucleotides in colorectal neoplasia.
OATP4C1 (Gene Symbol, SLCO4C1)
OATP4C1 expression in noncancerous tissues is mainly limited to the kidney where it mediates the uptake of thyroid hormone, cAMP, cardiac glycosides, and methotrexate (92) . In breast cancer tissues and cell lines, Wleck et al. showed that elevated OATP4C1 mRNA levels were present (79).
OATP5A1 (Gene Symbol, SLCO5A1)
OATP5A1 is reported to be expressed in the epithelial cells lining the mammary ducts (89) . To date, the tissue distribution and substrates of OATP5A1 are poorly understood. Different studies report the expression of OATP5A1 in cancers (Table II) . Immunohistochemical analyses confirmed that OATP5A1 is expressed on the membrane and in the cytoplasm of breast cancer cells (89) . OATP5A1 at both the mRNA and protein levels was found to be upregulated in liver cancer (80) and small cell lung cancer (SCLC) (5) . As a potential marker of chemotherapy resistance, HEK-293 cells transfected with OATP5A1 showed resistance to satraplatin treatment (5) . Further studies may be warranted to elucidate the impact of OATP5A1 on tumor resistance and better understand the role OATP5A1 in cancer.
OATP6A1 (Gene Symbol, SLCO6A1)
OATP6A1 was initially identified as a gonad-specific transporter expressed predominantly in the testes (93, 94) . Its expression is also reported in cancer tissues (lung, esophageal, and bladder) and lung cancer cell lines (94) .
As noted in this section, further investigations are needed to better understand the expression and roles of the OATP2, OATP3, OATP4, OATP5, and OATP6 family members.
CONCLUSIONS AND OUTLOOK
OATPs are expressed in multiple tissues and organs and mediate the transport of a wide range of substrates in a sodium-independent manner. It is increasingly recognized that OATPs play an important role in the disposition of substrates implicated in cancer therapy. In particular, the variable expression/activity of OATP1 family members and their genetic variations have been extensively investigated as a possible source for altered pharmacokinetics and pharmacodynamics of anticancer drugs. There is a long list of anticancer drugs recognized as OATP substrates, but further research is required to elucidate the in vivo relevance of these interactions. In recent years, the increasing availability of transgenic mouse models is moving the field forward, yet further clinical validation in terms of disposition, response, and toxicity to anticancer drugs will be crucial.
It is now well recognized that certain OATPs are differentially regulated in normal and cancer tissues. Certain (60) ↑ in prostate cancer cells (6) qRT-PCR Kidney (64) ↑ in bone cancer (65) RT-PCR OATP1B1 Liver (2,66) ↓ in liver cancer (37) (38) (39) 67, 68) RT-PCR, IF, IB ↑ in colon polyps and colon cancer (63) RT-PCR ↑ in ovarian cancer (69) RT-PCR OATP1B3 Liver (3, 70) ↓ in liver cancer (41) qRT-PCR, IB ↑ in colon cancer (4, 71, 72) RT-PCR, qRT-PCR, IB, IHC ↑ in pancreatic cancer (71) (72) (73) RT-PCR, qRT-PCR, IB, IHC ↑ in lung cancer (38) RT-PCR, qRT-PCR, IF ↑ in prostate cancer (16, 17, 68, 74) qRT-PCR, IF ↑ in breast cancer (75) qRT-PCR, IHC ↑ in testicular cancer (68) qRT-PCR, IF ↑ in ovarian cancer (69) RT-PCR OATP1C1 Brain (76) ↑ in bone cancers (65) RT-PCR Testes (76) Ciliary body (77) OATP2A1 Ubiquitous (78) ↑ in breast cancer (79) qRT-PCR ↑ in liver cancer (80) qRT-PCR, IF ↑ in bone metastases from kidney cancer (65) qRT-PCR, IB ↓ in cancers of bowel, stomach, ovary, lung, and kidney (81) RT-PCR OATP2B1 Blood-brain barrier (82) ↑ in bone cancer (65) RT-PCR Heart (83) ↑ in breast cancers (79, 84) qRT-PCR, IF, IB Enterocytes (85) ↓ in liver and pancreatic cancers (68) qRT-PCR Liver (86) Placenta (87) OATP3A1 Ubiquitous (88) ↑ in bone cysts (65) RT-PCR ↑ in breast cancer tissues and cell lines (89) qRT-PCR, IF, IHC ↑ in primary and metastatic liver cancer (80) qRT-PCR, IF ↑ in cancer cell lines of multiple tissues (90) RT-PCR OATP4A1 Ubiquitous (90) ↑ in bone cysts (65) RT-PCR Detected in breast cancer (79) RT-PCR ↑ in primary and metastatic liver cancer (80) qRT-PCR, IF Detected in cancer cell lines of multiple tissues (90) RT-PCR ↑ in colon cancer (91) qRT-PCR OATP4C1 Kidney (92) Detected in breast cancer cell lines (79) RT-PCR OATP5A1 Lactiferous ducts of breast (89) ↑ in breast cancer (89) qRT-PCR, IF, IHC ↑ in primary and metastatic liver cancers (80) qRT-PCR, IF ↑ in small cell lung cancer (5) qRT-PCR, IF OATP6A1 Testes (93) Detected in lung, bladder, and esophageal cancers ( OATPs differentially regulated in cancer may have pathogenic roles during cancer development and progression and potentially serve as therapeutic targets. Further studies are necessary to obtain more comprehensive profiles of OATPs differentially regulated in cancer cells, along with a better understanding of molecular mechanisms underlying altered expression of OATPs in cancer. So far, many of the reports focused on the altered expression of certain OATPs and it will be important to clarify the functional implications of OATPs during the development and progression of cancers. Moreover, many of the current studies utilize mRNAbased methods to determine the OATPs in cancer. It is important to carefully examine the OATP protein levels in cancer to aid the investigations of their functional importance and clinical relevance. Recently, there has been progress in our understanding of the OATP1 family in terms of their expression, regulation, and potential functions in cancer cells. With the wealth of provocative data generated, further studies are warranted to investigate the potential roles of other OATP family members expressed in cancer.
